The purpose of this paper is to present the conception of a twofold modulation frequency laser range finder. The system is based on the phase-shift measurement method with two modulation frequencies, one giving the distance within a wide range and a second one leading to high resolution measurement. The measurement method is based on intermediate frequency sampling associating the under-sampling technique with digital synchronous detection. Its main advantage is a global simplification of the electronic system, leading to a quite simple development and low cost system. There is only one phase-shift measurement stage but the twofold modulation frequency is possible thanks to the heterodyne technique. The emission and detection parts are designed for wideband operation and are digitally controlled. The whole system has been designed with only one digital phase locked loop reducing the phase noise and improving the resolution. Because of the global structure and the different digitally controlled parts the necessary calibration process could be introduced. From the design of the prototype it is possible to move towards a smart laser range finder.
Introduction
Laser range-finder based systems are now powerful and various methods have been developed [1] . They are dedicated to indoor robotics [2] , non-destructive testing, inspection and security control or automotive intelligent cruise control [3] . Beside triangulation or interferometric methods there is a large place for flight time measurement methods implemented with pulse or phase-shift measurement. By the use of the heterodyne technique [4] , phase-shift measurement leads to the conversion of a short time interval, at the modulation frequency, to a larger time interval more suitable for measurement. For a given phase-shift measurement resolution the distance resolution depends on the modulation frequency, but this frequency leads also to a non-ambiguity range because of the 2π modulo in phase estimation. The expressions for the time of flight, the corresponding phase-shift, the non-ambiguity range and the resolution are recalled below:
Equations (3) and (4) show that if a high modulation frequency is necessary to improve the resolution, it will also decrease the non-ambiguity range. A solution to solve this trade-off is to introduce a twofold modulation frequency, the lower frequency giving the distance within a wide range, and the higher leading to high resolution for the final distance estimation. The organization of the prototype is presented in figure 1 . The optical power of a laser diode output beam is continuously modulated by means of the forward current modulation. After reflection on the target the optical signal is focused on the detector. Both emitted and detected signals have to be compared leading to phase-shift estimation. The emission and detection parts, associated with the optical components, form the optical head. The electronic measurement unit produces the modulating signal and performs the digital acquisition of the signals to be compared, the comparison being achieved according to the measurement technique. Then phase-shift estimation is realized by a PC linked to the electronic measurement unit through the parallel port. Such a system could be applied to environment monitoring, non-destructive testing or indoor robotics.
The optical head
As shown in figure 2, the optical head is designed with only one optical axis, by using a small periscope.
The emission part
The emission part associates the laser diode, a bias section with a control loop to stabilize the output power versus the temperature, and the modulation section. The bias point, fixing the average output power, is digitally tuned from the PC through a serial bus. The system may be suited to different kinds of laser diode, depending on the average output power, on the threshold current and on the monitoring photodiode current. For convenience we have chosen to work with red light, and different laser diodes have been used, from Toshiba, Sony or SDL, with output power from 3 to 30 mW.
Because of the different modulation frequencies a wideband structure is required. An integrated circuit, the OPA2662 from TI/Burr Brown containing two transconductance amplifiers with a 370 MHz bandwidth and up to 75 mA output current, drives the laser diode for both biasing point and modulating current injection. The amplitude of the modulation signal is digitally controlled by means of a digital trim gain amplifier, the CLC5506 from National Semiconductor, with 600 MHz bandwidth and a tuning range from 10 to 26 dB. Thus it is possible to adjust the modulating signal, according to the bias current, for the best dynamic with a linear behaviour, and for improving the signal to noise ratio.
Optical components
An important problem concerns the focusing of the output beam. As the output beam of a laser diode is highly divergent, at least one focusing lens is absolutely necessary, that is the present configuration for the prototype. But with a standard lens the focusing is not very efficient for a wide range such as 15 m. It would be better to use a pigtailed semiconductor laser, or to link the laser diode beam into a glass fibre by an optical system [5] . In this way it could also be possible to move the emission board to a more convenient position on the prototype.
The focusing lens is an aspheric lens with 50 mm focal length and a wide 68 mm diameter to catch a maximum of light, improving the signal to noise ratio at the output of the detector. The position of this lens can be tuned by hand but a motorized tuning could be introduced. An interferential filter can also be used to avoid detector blooming.
The detection part
The detector is based on an avalanche photodiode (APD), the S2382 from Hamamatsu, and a low noise amplifier, another CLC5506. The gain of the amplifier is digitally controlled during the measurement process depending on the observed signal. The APD is biased with a very compact high voltage module, the HAPM 0.2PS from Matsusada, included in a control loop. There is no selective filter because of the expected twofold frequency modulation system.
The IF sampling method
For a given modulation frequency there are mainly two methods to determine the phase-shift between emitted and detected signals. The first possibility is based on the heterodyne process, leading to a larger time interval than in the case of direct measurement [4] . The second possibility is synchronous detection, leading to the detection of two continuous quantities, related to the phase-shift and to the amplitude of the detected signal. The intermediate frequency (IF) sampling method proposed here was first developed for radio-communications. It associates the under-sampling technique with digital synchronous detection [6] .
The use of this technique is very interesting because of a system simplification, specially by moving the digitization process closer to the sensor which is the optical head. Otherwise under-sampling acts as the heterodyne technique moving the phase measurement process towards lower frequency values. Another interest of the under-sampling process is to avoid the use of high sampling frequency that is always difficult to perform and is rather expensive [7] .
The signal modulating the optical power of the output beam is considered the emitted signal and is given by
The detected signal is obtained after propagation, reflection on the target, and demodulation by the APD.
In equation (6) φ e is a global opto-electronic phase-shift due to emission and reception delay at the modulation frequency, and ψ d is the phase-shift due to the optical flight and containing the distance information. The emitted signal is considered to be globally attenuated from emission to detection; this effect is taken into account by an attenuation coefficient α such aŝ
It is important to notice that α mainly depends on the target surface but also on the propagation path of the optical wave and on the opto-electronic emission and detection effects.
Under-sampling
The under-sampling process is presented in the frequency domain in figure 3 . The initial signal at the modulation frequency f 0 , after detection, is polluted by noise. Firstly it is narrowband filtered as shown in figure 3 (a), in order to fit the Shannon theorem, specifying that the digitization of a signal requires a sampling frequency that is greater than twice the bandwidth of the signal. During the sampling process there is a periodization at each multiple of the sampling frequency which is denoted f S P (figure 3(b)). If n f S P is the closest frequency to f 0 then f 0 − n f S P = f AL is the lowest spectral component. After mixing with a signal at this f AL frequency a DC component is obtained and may be selected by low pass filtering as shown in figure 3 (c).
The detected signal after digitization is denoted
Digital synchronous detection
As for analog synchronous detection the signal to be analysed has to be mixed with two digital reference signals in quadrature [7] , denoted RI for in phase and RQ for in quadrature. 
it is easy to obtain the global phase-shift ψ d + φ e and the attenuation coefficient α. The electronic phase-shift φ e must be determined by calibration. From both α and ψ d measurements on the whole target it is possible to reconstruct an image in terms of position but also of surface aspect, by grey level coding [9] , leading to electronic imaging.
Feasibility of the method
A test board has been realized for validation of the IF sampling process and phase-shift measurement method. It has been designed for f 0 = 10 MHz and f S P = 8 MHz (corresponding to the case p = 1 and f AL = 2 MHz), and is presented in figure 4 . The inboard clock reference is at 80 MHz. The band-pass filter is a sixth order LC filter. The analog to digital converter (ADC) is the ADS805 (12 bits/20 mega samples s −1 ) from TI/Burr-Brown. The digital synchronous detection is achieved by a simple programmable logic device, an ispLSI1016 from Lattice-SC. The experimental set-up is presented in figure 5 . From the clock reference, the 10 MHz signal is used to produce s E (t), and to synchronize a highly stable synthesized waveform generator outputting the phase-shifted signal s D (t). After the mixing process, the data are collected by a logic recorder and transmitted to the PC for averaging and phaseshift estimation. The PC is also used by the way of an IEEE.488 interface board to tune the phase-shift on the waveform generator. So it is possible to compare the tuned phase-shift and the measured one.
The first results are presented in figure 6 ; the phase-shift measurement error is plotted as a function of the tuned phaseshift. The standard deviation is only 0.12
• for a maximum value of 0.24
• , proving the feasibility of the method. The interest of the under-sampling technique may be underlined here. The standard deviation in phase-shift estimation depends on the quantum of the analog to digital conversion and on the sampling clock jitter. The phase error is δϕ err ≈ 2π f 0 τ j , where τ j is the time jitter of the clock which is approximately 5 ps. So at f 0 = 10 MHz, δϕ err = 0.018
• , which is a good result (5 × 10 −5 as relative error), but at f 0 = 100 MHz the phase error would be δϕ err = 0.18
• and at f 0 = 240 MHz it would be δϕ err = 0.43
• . That would be the case for high frequency direct sampling. With the undersampling technique the standard deviation is only 0.12
• .
The IF sampling unit
The whole IF sampling unit is presented in figure 7 . A gain controlled input amplifier (once again a CLC5506) is placed at the input of the unit in order to keep a fairly constant amplitude for the signal and thus the best dynamic for filtering and digitization.
The low pass filtering could be obtained by a digital filtering technique such as decimation filters leading also to data rate reduction. Such filters require large programmable gate array circuits [10] , but a simple averaging process, for example up to 8192 samples, is enough for filtering and for data rate reduction; otherwise it can be performed by a second simple programmable logic device. The averaged I and Q data are then transmitted to the PC through the parallel port (24-bit format, so eight bits at a time), for I/Q processing and distance determination. This averaging process and the digital interface to the parallel port of the PC have been realized and tested.
The twofold modulation frequency system

Principle of operation
The first modulation frequency has been chosen here at f 0L = f 0 = 10 MHz, leading to 15 m for the non-ambiguity range. Considering 0.2 • resolution for phase measurement, the resolution is 1 cm at f 0L . Introducing a second high modulation frequency at f 0H = 240 MHz the non-ambiguity range is 63 cm but the resolution is improved by 24, becoming 0.35 mm.
As has been seen previously, the IF sampling unit is designed with the narrowband filter, for an input signal at 10 MHz and a sampling frequency of 8 MHz. It is an interesting way to reduce the cost of the system to have only one IF sampling unit. The solution is to move the high frequency towards 10 MHz by the heterodyne technique, this frequency acting as the IF of this process. So the local oscillator frequency is chosen at f L O = 230 MHz. The organization of the twofold modulation system is shown in figure 8 .
The twofold frequency measurement is performed sequentially, one switch being used to select the modulation signal and two switches being used to select which one of the corresponding 10 MHz return signals is placed at the input of the IF sampling unit.
It is necessary to synthesize the different frequencies with a minimum number of phase locked loops (PLLs), avoiding an increase of the phase noise, which is critical for phaseshift measurement at high accuracy. With a clock reference at f CK = 80 MHz, the high modulation frequency f 0H = 240 MHz is obtained by filtering and amplifying the third harmonic of the square signal. The low modulation frequency f 0L = 10 MHz is obtained by dividing f CK by eight and filtering with the same kind of filter as for the IF sampling unit; the sampling frequency f S P = 8 MHz is obtained by dividing f CK by ten.
The 230 MHz local oscillator frequency must be synthesized by a PLL but it is important to notice there is only one PLL in the global structure, which is a very important improvement compared with analog heterodyne systems [4] . This PLL is designed in order to reduce the phase noise of the oscillator and so the global noise. The choice is the digital PLL MA1017 from Philips, including both the programmable divider and the phase comparator in only one case, reducing the number of circuits, and with a charge pump technology for the phase comparator avoiding the use of active filters. The voltage controlled oscillator (VCO) is a MAX2620, which is a very low cost circuit from Maxim chosen because of its slope being less than 1 MHz V −1 . Thus 1 mV noise at the input of the VCO induces only a 1 kHz glitch.
Organization of the prototype
The whole structure of the prototype is presented in figure 8 . The five blocks are plugged on a mother board with one bus for the power supply lines and one bus for the digital control of each block.
Measurement accuracy
The measurement accuracy depends on external conditions determining the level of the detected signal and on internal characteristics of the prototype, that are the intrinsic performances of the method and the behaviour of the system versus temperature drift.
Influence of the detected signal
The amplitude of the detected signal depends on the distance to be estimated and on the kind of target. It could be interesting to increase the output power of the system but this power is limited by safety regulation and operating conditions.
According to the European Norm EN-60-825, in the case of professional use a class 3A product is allowed, and for continuous operation the maximum average output power is 5 mW. If the operation is limited to 1 ms the output power can be 20 mW, but the power improvement is only 6 dB. For class 2 products the continuous operation is limited to 1 mW output power and for 1 ms operating time it could be 4 mW. The structure of the prototype presented in this paper enables such a process, and in 1 ms it is possible to make a complete measurement set with averaging of 8192 samples at 10 MHz. Otherwise it is possible to control the intensity modulation in the emitter part from the PC by tuning both bias point and amplitude modulation, but keeping a linear behaviour (a higher amplitude modulation improves the signal to noise ratio). So it seems possible to work at least with 4 mW output power and to reach 20 mW in the case of non-restrictive safety conditions. In the case of a very low detected power the signal to noise ratio decreases. As mentioned previously the amplifier used in this prototype is the CLC5506 with a noise figure of 5 dB at high gain, leading to a noise power at the input of 8.7 × 10 −21 W/ √ Hz, much lower than the noise equivalent power of the photodiode, which is about 10 −14 W/ √ Hz. The noise limitation comes from the low power level of the return signal. The signal to noise ratio has been studied [11] showing its main dependence on the received optical power.
If the system works under conditions giving the best dynamic at the input of the ADC, then the 12 bits of resolution are fully used. If by changing the target, the detected signal is reduced by 10 dB, then the resolution decreases from 1/4096 to 1/410, that means less than nine bits. In a first approximation the theoretical phase-shift measurement accuracy due only to the digitization process will change from 0.04
• to 0.4 • ! That shows it is very important to keep a constant amplitude at the input of the ADC in order to work with the best dynamic.
Measurements concerning different targets have been conducted with the same kind of optical head as described here and a network analyser as measurement instrument [12] . The average optical power was 2 mW, and the different targets, placed at a distance of 1 m, were micro-balls, or different materials such as paper (shiny or not), wood,. . .. The maximum amplitude for the detected signal has been obtained S361 for micro-balls and the lowest level for black matt paper, the difference between the corresponding detected levels being 60 dB. The influence of the tilt angle of the target is not very important, except for smooth metallic surfaces; microball targets can be observed upto 80
• in an attenuation range of less than 10 dB and matt white paper upto 60
• . As the gain of the CLC5506 can be tuned up to 26 dB, it seems that with three amplifiers altogether in the global gain control loop it is possible to maintain the level of the signals at the input of the ADC (IF sampling block) quite constant. Two amplifiers could be placed in the detector, the third one being placed at the input of the IF sampling unit; the gain is digitally controlled by the PC according to the measured amplitude (which is the second output of the synchronous detection).
Influence of temperature
Different elements in the system may have characteristics changing versus time, mainly because they are dependent on the temperature which increases after turning on the prototype.
The system is assumed to work at a fixed bias point, and components such as amplifiers, ADC or DAC have a linear behaviour. Small variations of gain or of the signal amplitude due to temperature drift do not affect the phase measurement and so, because of the synchronous detection, they do not affect the distance estimation.
Nevertheless the temperature drift is very important to take into account because it will dramatically affect the distance measurement accuracy. Firstly fluctuations of the reference frequency induce phase-shift measurement errors mainly because the measured signal is not at the centre frequency of the band-pass filter. The quartz oscillator that has been used is a commercial oscillator from IQD, the IQXO-22 at 80 MHz, for which the temperature stability is ±100 ppm K −1 (that is also ±1.25 ps K −1 ). Let S 1 be the maximum corresponding variation. Secondly the temperature influences the values of inductances and capacities used for the band-pass filter. The temperature sensibility for capacities is ±30 ppm K −1 and for inductances it is (220 ± 220) ppm K −1 . Let S 2 be the maximum corresponding variation. As there are two band-pass filters (one to realize the sine signal S E (t) from a square signal at 10 MHz and one at the input of the IF sampling unit) the worst case corresponds to a total variation of S = 2(|S 1 | + |S 2 |).
From simulated worst-case analysis it has been estimated that between 10 and 50
• C S 1 ≈ 0.15
leading to S ≈ 0.7
• K −1 and δd max ≈ 29 mm K −1 (that means a relative error of 2 × 10 −3 in the whole 15 m range). This variation is very important but it has been determined as the worst case. Nevertheless it is necessary to reduce it. For the quartz oscillator the solution is to use a temperature compensated crystal oscillator (TCXO), available now with temperature stability as low as ±1 ppm (see products from Vectron). Temperature effects on L and C values are much slower, because of their thermal time constant, and so a compensation by way of a calibration process should be the solution.
Calibration process
The first kind of calibration to be performed is pure electronic calibration, switching the modulation signal directly to the IF sampling unit, as shown in figure 9 . There will be two calibrations for both f 0L and f 0H . These calibrations could be performed with a period of 1 s at the beginning of the prototype operation, when the temperature increases quickly, and then they could be more time spaced as the temperature is stabilized. Algorithms have been proposed for real-time calibration [13] . The second calibration is an optical calibration, with two possible techniques. The first one is to put a well known target at a known distance and to make a measurement. For example, this target could be placed just at the output of the prototype as shown in figure 10(a) . The second possibility is to change the direction of the laser beam at the output of the small periscope ( figure 10(b) ). The corresponding modification of the optical path has also to be controlled by the computer and included in a global tuning process.
Conclusion
A twofold modulation frequency laser range-finder prototype has been presented in this paper. The system is based on phase-shift measurement by the use of the IF sampling technique, moving the digitization process very close to the sensing part (the optical head) and associating the undersampling technique with digital synchronous detection. The choice of sampling frequency with respect to the modulation frequency leads to a great simplification of the digital process. The first modulation frequency is 10 MHz, leading to a global non-ambiguity range of 15 m, and the second one is 240 MHz. The choice of the frequencies and the way to synthesize them leads to a simple conception with only one PLL, reducing the global phase noise compared to an analog phase-shift measurement system based on the pure heterodyne technique. The system is designed with only one IF sampling unit operating at 10 MHz input frequency and 8 MHz sampling frequency showing an experimental standard deviation of only 0.12
• for phase estimation. The resolution of the measurement is improved and for an expected final standard deviation of 0.2
• in phase the standard deviation for distance is about 0.35 mm (obtained at 240 MHz). In order to reduce the effects of temperature drift on phaseshift measurement accuracy a TCXO should be used for the general reference oscillator. Nevertheless a digital calibration process is required according to the temperature dependence of electronics components such as inductances and capacities used for the band-pass filters. Otherwise the high dependence of phase-shift measurement accuracy on low detected signal should be taken into account and the global gain control loop should include enough amplifiers to maintain the signal at the input of the ADC quite constant. Knowledge of both the distance and the attenuation factor, which is information on the surface of the target, may lead to a laser imaging system, on the condition that a scanning module is introduced. Such a system may be used for non-destructive testing or for indoor robotic control. Another important feature of this system is to be rather low cost. Finally such a prototype could be considered as a first step on the way to realize a smart laser range finder because of the different digital tuning possibilities.
